We demonstrate an experimental approach for upgrading lignin that has been isolated from corn stover via biomass fractionation using c-valerolactone (GVL) as a solvent. This GVL-based approach can be used in parallel with lignin upgrading to produce soluble carbohydrates at high yields (Z70%) from biomass without the use of enzymes, ionic liquids, or concentrated acids. The lignin was isolated after an initial hydrolysis step in which corn stover was treated in a high-solids batch reactor at 393 K for 30 min in a solvent mixture consisting of 80 wt% GVL and 20 wt% water. Lignin was isolated by precipitation in water and characterized by 2D HSQC NMR, showing that the extracted lignin was similar to native lignin, which can be attributed to the low acid level and the low extraction temperatures that are achievable using GVL as a solvent. This lignin was upgraded using a two-stage hydrogenolysis process over a Ru/C catalyst. The isolated lignin was first dissolved to form a mixture of 10% lignin, 80% THF, 8.5% H 3 PO 4 and 1.5% H 2 O, and treated at 423 K under hydrogen. The THF was removed by evaporation and replaced with heptane, forming a biphasic mixture. This mixture was then treated at 523 K in the presence of Ru/C and H 2 . The resulting heptane phase contained soluble lignin-derived monomers corresponding to 38% of the carbon in the original lignin. By adding 5% methanol during the second catalytic step, we produced additional monomers containing methyl esters and increased carbon yields to 48%. This increase in yield can be attributed to stabilization of carboxylic acid intermediates by esterification. The yield reported here is comparable to yields obtained with native lignin and is much higher than yields obtained with lignin isolated by other processes. These results suggest that GVL-based biomass fractionation could facilitate the integrated conversion of all three biomass fractions.
Broader context
Lignocellulosic biomass represents an attractive source of renewable carbon and could be used as a feedstock to substitute fossil-based fuels and chemicals. In addition, lignocellulosic biomass comprises non-edible plants that can grow on marginal lands and thus compete minimally with food production. In the context of increasing environmental issues related to climate change and because of increasing petroleum costs due to diminishing fossil reserves, it is urgent to find sustainable carbonbased substitutes to petroleum. However, growing, harvesting and processing biomass is often costly. Because of the expense of the raw material, the yield for conversion of biomass to useful products must be maximized. Lignocellulosic biomass typically contains about 50-70% polysaccharides (cellulose and hemicellulose) and 15-30% lignin by weight. Lignin is an irregular polymer composed of phenolic subunits. Given the relative uniformity of the carbohydrate polymers compared to lignin and the well-established chemical and biological upgrading pathways developed for sugar production and processing, much research and development has been focused on the carbohydrate platform. Lignin has proven to be more challenging to upgrade. However, because lignin is the most energy-dense fraction of biomass and contains valuable aromatic functionalities, its valorization is an essential step in the development of a successful biorefinery. In this work, we report a lignin valorization pathway from corn lignin for the production of heptane-soluble monomers that can readily be integrated with the production and upgrading of carbohydrates.
biomass upgrading processes that can achieve similar yields and directly produce liquid fuels and/or sustainable chemical alternatives to petrochemicals. In this context, extensive work has focused on the conversion of the polysaccharide fraction of biomass. Depolymerization processes using enzymes, 3, 4 acids, 5, 6 solvents, 7 or ionic liquids, 8 have all achieved high sugar yields (470%) from biomass. 9 However, polysaccharides only represent 60-70% of biomass weight and an even lower fraction of the available energy. Upgrading the remaining biomass fractions, the largest of which is lignin, will be an important prerequisite for developing economical and sustainable processes. One of the most promising approaches for lignin conversion has been the use of oxidation or hydrogenolysis to produce lignin monomers and other products. Wet oxidation under hydrothermal conditions has shown that simple compounds such as acetic acid could be produced from lignin. 10, 11 More recently, Stahl and co-workers showed that targeted oxidation of enzymatically extracted lignin could dramatically increase the yield of monomers obtained during depolymerization by formic acid.
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In the late sixties, Pepper et al. treated solvent-extracted spruce in dioxane in the presence of Rh/C and hydrogen, and obtained a 34% yield of monomeric compounds, including 11% guaiacylpropane (propylguaiacol, 2-methoxy-4-propylphenol) and 20% guaiacylpropanol [4-(3-hydroxypropyl)-2-methoxy-phenol]. 13 More recently, Yan et al. treated birch cell wall isolates (following extractive removal by benzene-extraction) using water-dioxane as a solvent, with added phosphoric acid, in the presence of noble metal catalysts and hydrogen. 14 They obtained monomer yields as high as 46% from the ''C 9 units'' of lignin, the phenylpropanoid units comprising the polymer. This yield included 6% guaiacylpropane, 21% syringylpropane, and 15% syringylpropanol (2,6-dimethoxy-4-(3-hydroxypropyl)phenol). These relatively high yields of simple monomeric compounds obtained from untreated biomass are in contrast with those yields obtained from lignin that has been extracted from biomass; for example, treatment of kraft lignin in ethanol/water mixtures and a Pt/Al 2 O 3 catalyst led to B17% monomers, with only B6% yield of guaiacyl derivatives. 15 Recent work by Ferrini and Rinaldi further demonstrated the importance of using native lignin in conversion processes. 16 By treating wood pellets in 2-propanol in the presence of RANEY s nickel, the authors obtained non-pyrolytic lignin bio-oil by catalytic transfer hydrogenolysis, while preserving a holocellulose pulp for further hydrolysis. This lignin oil could be completely converted to a colorless volatile fraction by further treatment in 2-propanol with RANEY s nickel. The same two-stage treatment with organosolv lignin yielded a turbid solution that still contained a significant fraction of insoluble polymer. In similar work, sawdust was treated in methanol with Ru/C and H 2 to produce ''lignin oil'' containing a 51% carbon yield of phenolic monomers. 17 Following this reaction, a solid pulp containing 78% of the original carbohydrates was recovered mixed with the catalyst. This pulp could be used to produce polyols from the remaining polysaccharides by further hydrogenation. Hydrogenolysis is therefore seen as a promising approach for upgrading lignin, but yields decrease significantly as the lignin stream is increasingly degraded during its isolation from the rest of biomass during processing. This loss of yield is thought to be linked to the propensity of lignin ether bonds to cleave under the conditions required to hydrolyze biomass (a necessary upgrading step to obtain carbohydrates), followed by recondensation to form stable C-C bonds, severely curtailing further upgrading possibilities. 18 Lignin-upgrading work has, however, rarely been coupled with structural characterization of the isolated lignin stream. Therefore, explanations for differences in yields obtained from various lignin streams are often qualitative. We present a method for upgrading lignin isolated from corn stover during an initial batch hydrolysis step that is the first stage of a process for producing concentrated aqueous streams of carbohydrates derived from the hemicelluloses and cellulose. 7 Using hydrogenolysis coupled with esterification, we are able to obtain carbon yields of identifiable lignin monomers of up to 48%. In parallel, we have characterized our isolated lignin stream using 2D NMR, and we show that our extracted lignin is remarkably similar to native lignin. Enriched in this lignin is the monocot-specific p-coumarate lignin-associated appendage, a simple ester that attests to the mildness of this process. We propose that our ability to obtain yields that exceed those usually obtained from processed and isolated lignins is due to our biomass treatment process that retains much of the lignin in its native state and these two particular features of our lignin stream.
In our previous work, we used mixtures of g-valerolactone (GVL) (a biomass-derived solvent) water and H 2 SO 4 , at low concentrations, to depolymerize the carbohydrate fraction of biomass. 7 GVL promotes biomass deconstruction to sugars by increasing the rate of acid-catalyzed reactions in a manner that rivals treatments with ionic liquids. 8 Accelerated polysaccharide hydrolysis was found to be due to the effect of GVL on proton solvation, and to its selective lowering of the apparent activation barrier of polysaccharide hydrolysis compared to that of the competing sugar dehydration reactions to furans that typically plague acid hydrolysis methods. 19, 20 After optimization of conditions to maximize carbohydrate yield and concentration, we found that the best implementation of our process involved an initial stage to partially depolymerize the hemicellulosic carbohydrate fraction and partially solubilize the lignin fraction, followed by treating the remaining solids in a flow-through reaction setup to depolymerize the remaining polysaccharides (including cellulose). This two-step process led to an overall carbohydrate yield of about 70% for both the C 5 and C 6 sugars. After biomass fractionation, GVL could be removed and recycled using liquid CO 2 , which forms a CO 2 -expanded GVL phase that is no longer miscible with water. 7, 21 The resulting aqueous sugar solution is concentrated to contain 127 g L À1 carbohydrates, which is appropriate for subsequent purification and fermentation. 7, 22 In this study, we substituted the small 50 mL glass reactor used in the initial C 5 and lignin deconstruction step with a 2-L stirred stainless steel vessel fitted with a custom high-solids mixing system. The latter system led to more effective mixing, and allowed us to reach the optimal extraction condition in 30 instead of 60 min. After 30 min at 423 K, 72.3% of the C 5 sugars View Article Online and 9.4% of the C 6 sugars were recovered as soluble sugars ( Table 1) . At the same time, water-insoluble solids corresponding to 75% of the original lignin were solubilized in the 80/20 GVL/ water solvent system (Table 1 ). To recover these solids for further upgrading, the separated solution was diluted five times with water, filtered, and washed. These solids can also be recovered during CO 2 separation, when water-insoluble solids corresponding to about 74% of the original lignin were recovered. As we had shown previously, in addition to the C 5 sugars and solubilized lignin yields shown in Table 1 , the remaining solids can be treated in a flow-through reactor to reach C 6 yields of about 70%. 7 Therefore, by treating the extracted lignin recovered here, we are investigating the potential for integrating lignin conversion with a carbohydrate-upgrading platform. This approach differs from recent methods that generally involve the use of a supported metal catalyst in the presence of untreated biomass. 14 The disadvantage of these other methods is that they often require the difficult separation of the heterogeneous catalyst and leftover solids, and usually lead to some loss of the C 5 sugar fraction that is present during the lignin upgrading reactions. Our method, however, retains the approach of extracting value from the lignin by retaining the lignin in its near-native form, rather than having to deal with condensed lignins after polysaccharide hydrolysis steps. An appealing feature of our GVL-based hydrolysis process is that, even when using a batch process with a 30 min residence time, the resulting lignin fractions are clean and native-like, i.e., relatively carbohydrate free, and with little evidence of lignin degradation other than some b-ether cleavage and concomitant molecular weight reduction. Here we validate this contention by examining the structure and composition of the lignins by NMR. The corresponding 2D HSQC (heteronuclear single-quantum coherence) spectra are particularly detailed and structurally revealing, as is now well demonstrated. [23] [24] [25] Fig . 1 shows detailed comparisons of the corn GVL lignin (Fig. 1B) along with reference data from the so-called 'enzyme lignin' (EL) isolated by laborious conventional methods, 26 and the original corn stover whole-cell-wall material. Assignments are made by comparison with quality spectra of isolated lignins and/or whole-cell-wall plant materials. [23] [24] [25] As revealed in Fig. 1 , acidolysis in GVL produces a strikingly clean fraction that contains the various wall aromatics and particularly native-like lignin. In particular, the most sensitive b-ether units A remain prevalent, attesting to the mild nature of the conditions. We suspect that this retention of linkages is partly due to the low temperature of treatment (423 K) that is achievable using GVL, View Article Online as opposed alternate aqueous or solvent systems. As is usual for corn, phenylcoumaran B and resinol C units usually present in dicot lignins are evident only near the noise level (not shown); monocots in general and corn in particular have been shown previously to be anomalous in this regard. 27 Particularly strikingly, the p-coumarate groups that acylate lignin sidechains in corn lignin remain. Esters are normally considered to be sensitive to hydrolysis (although less so to acidic conditions), but these linkages are retained under the mild conditions here and in fact are enriched in these GVL fractions. The novel (nonresinol) b-b-coupling product C 0 , produced during lignification from sinapyl p-coumarate conjugates, that was recently identified in corn lignins, 27 is also readily seen here. Finally, the tricin units T that we recently discovered starting many of the lignin chains in monocots lignins, 27, 28 are found in this corn GVL lignin; the resolution of the T3 contours even appears to allow distinction of the smaller amount of tricin that has been cleaved and is therefore free from the tricin that remains etherified (in the lignin).
All of the features of the lignin revealed by the NMR data suggest that these GVL-derived lignin fractions should be amenable to the same types of conversion reactions as native lignins (in unfractionated biomass material) or the various isolated lignins that essentially preserve the native structure. The advantage with respect to attempting lignin upgrading on whole biomass lies in the simpler conditions necessary to convert the readily solvent-soluble and pure lignin fractions here and, in the case of heterogeneous catalysts, facilitating catalyst recovery. It is for these reasons that the lignins produced via these GVL processes are so appealing for upgrading and, because further hydrolysis produces clean and concentrated sugar streams, the process is promising for biomass fractionation and conversion to sugars.
The extracted and dried lignin was dissolved in tetrahydrofuran (THF), a solvent less subject to hydrogenation than GVL. Like GVL, THF can be produced from biomass and has similar properties. In past work, we have shown that THF can completely solubilize biomass and lead to solubilized C 6 and C 5 sugar yields close to 70%, similar to GVL. 29 Phosphoric acid was added to the mixture because of the reported benefits of the presence of Brønsted acids in addition to metal catalysts for the deoxygenation of syringyl and guaiacyl derivatives. 30 During the first stage, the solubilized lignin was treated at 423 K for 4 h in the presence of various noble metal catalysts supported on carbon. The use of phosphoric acid and a carbon-supported metal catalyst would likely not be ideal in an industrial process. Phosphoric acid is an expensive and unsustainable acid, and carbon supports cannot undergo calcination to remove carbonaceous deposits that may occur on the metal nanoparticles. However, the objective of this hydrogenolysis treatment is to assess the deconstruction potential of the lignin rather than to develop a viable industrial process. After initial treatment, the product mixture was notably lighter in color than the feed and contained a number of small lignin-derived compounds. The carbon yield of these small molecules after this first stage was 23% when Ru/C was used ( Fig. 2A) . The main products included: monomers derived from lignin guaiacyl and syringyl units along with phenylpropanoic acid (dihydrocinnamic acid), cyclohexane propanoic acid (cyclohexylpropanoic acid), and cyclohexene propanoic acid all derived from p-coumarate (following deoxygenation and ring hydrogenation); ferulate analogs were also found to a lesser extent. We also observed several bicyclic products (shown in yellow and orange in Fig. 2A ) that we hypothesize to be cyclization products derived from phenylpropanoic acid or its p-coumarate-derived precursors. The presence of small amounts of fatty acids in the recovered compound mixtures indicated that our water-insoluble solids likely contained a small amount of plant waxes; plant materials were used as-received and were not pre-extracted to remove non-cell-wall extractives. Finally, we observed the formation of several methyl-esters (cyclohexanepropionic acid methyl ester and fatty acid methyl esters or FAMEs). An explanation for this behavior is that the methanol liberated during the hydrodeoxygenation of syringyl and guaiacyl units reacted with the carboxylic acid groups on the fatty acids and cyclohexane propionic acids or via transesterification of the original esters (see below). The other metal catalysts studied (Pt, Pd and Rh) performed significantly worse than Ru/C, with yields that were at most half of those obtained with Ru ( Fig. 2A) . In addition to single metals, we explored the use of bimetallic alloys, such as RhRe, which has proven to be effective at performing hydrogenolysis of ethers, even without added acids. 31 We also studied a RuRe catalyst that was shown to remain active in the presence of sulfuric acid. Such a catalyst could allow us to use H 2 SO 4 , which is the acid commonly used for our biomass depolymerization work, instead of H 3 PO 4 .
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However, both bimetallic approaches led to lower yields than those obtained with the Ru/C and H 3 PO 4 system (Fig. S1 , ESI †). The low yields achieved during the first stage (o25%) indicated that significant quantities of lignin-derived high molecular weight compounds likely remained in the solution. To further depolymerize these compounds by hydrogenolysis, we explored a higher reaction temperature (523 K) that has proven effective for further lignin breakdown. 13, 33 At such temperatures, the solvent THF has a high vapor pressure and will also undergo hydrogenolysis; therefore, THF was removed by evaporation, and the remaining solution (containing phosphoric acid, water and lignin derivatives) was contacted with heptane to form a biphasic mixture. Heptane was chosen because of its stability under high-temperature hydrogenation conditions. Each solution was subsequently treated with the same catalyst as in the first stage at 523 K for 4 h, to determine the final attainable yield of lignin monomers recovered in the heptane phase. The trend observed across different metal catalysts during the first stage remained similar to that after the second stage. Ru/C led to the largest carbon yield of 38% (Fig. 2B) . The largest contributors to the yield were guaiacyl-and syringyl-derived alkanes -consisting mainly of propyl, ethyl or methyl cyclohexane -and cyclohexane propionic acid or its corresponding methyl ester. Most of the yield increase came in these two categories. Therefore, as demonstrated by the yield increase, the high-temperature hydrodeoxygenation stage serves not only to deoxygenate and fully hydrogenate lignin monomers, but it also leads to further View Article Online break down solubilized lignin into smaller molecules via hydrogenolysis. We also observed a small increase in the carbon yield of compounds derived from fatty acids (mostly as FAMEs and fully hydrogenated linear alkanes), but their contributions to the total yield (3%) was small. Similar to the results from the first stage, the other supported metal catalysts that were studied resulted in significantly lower yields than those for Ru/C (Fig. 2B) . The use of Pt/C and Rh/C resulted in lower yields for all compounds produced. However, Pd/C was almost as effective at producing p-coumaric acid (and ferulic acid) derivatives (i.e., cyclohexane propionic acid and its methyl ester) but significantly less effective at producing syringyl and guaiacyl derivatives. This result differs from those reported for the processing of unprocessed wood, where palladium was an effective catalyst.
14 These differences are likely due to the effects of using extracted versus native lignins or using grass versus wood lignins, highlighting the difficulty of working with this complex polymer mixture. We also used the second high temperature stage with the bimetallic catalyst systems that were mentioned earlier. However, as with the low temperature stage, we observed a significantly lower yield compared to the Ru/C-H 3 PO 4 strategy (Fig. S1 , ESI †).
As noted above, we observed the formation of several methyl esters, including cyclohexane propionic acid methyl ester and FAMEs. This formation likely occurs after the liberation of methanol during the hydrogenolysis of syringyl and guaiacyl monomers. Past work has suggested that the formation of these esters may be beneficial for the stabilization of carboxylic acid intermediates and can potentially increase yields. 34, 35 However, in our case, the formation of methyl esters is likely limited by methanol formation. For this reason, we tried to favor the formation of methyl esters by adding methanol in excess before the second high-temperature stage, with the first stage remaining the same. When doing this addition of methanol for Ru/C, which produced the best yields, we observed that the carbon yield increased to 48% (Fig. 2C) . As expected, this increase in yield came almost exclusively from the increased formation of methyl esters, mainly methyl propionate, but also some FAMEs. These yields are comparable to the yields obtained from unprocessed biomass, 14, 16, 17 but our yields have the advantage of using lignin that has been already separated from biomass. Therefore, this process does not require the mixing of a heterogeneous catalyst and a heterogeneous substrate, or the separation of two View Article Online heterogeneous species. As discussed in the introduction, yields that can be obtained from unprocessed biomass are much higher than those typically obtained from biomass that has been isolated, due to the lignin degradation that often accompanies its extraction. To illustrate this, we have compared our yields (without using methanol) to those obtained using other sources of lignin, including native lignin (i.e., whole corn stover), lignin produced using liquid ammonia pretreatment, and acid insoluble lignin ( Table 2 ). The yield obtained from native lignin (42%) was very similar to that obtained with GVL-extracted lignin (38%). In contrast, the monomer yields obtained using lignin extracted with acid or ammonia were about 2-3 times lower after the second stage. Due to the difficulty of processing high-solids biomass, native lignin was treated at a lower concentration than GVLextracted lignin (0.9 versus 10 wt%), which could explain the slightly higher yields, given that higher concentrations tend to produce lower yields by promoting condensation and polymerization in biomass conversion reactions. 9 This concentration difference, along with the presence of the other biomass fractions, could also explain the different product distribution obtained from native lignin, with a significant increase in the production of aromatic hydrocarbons and a decrease of cyclohexane propionic acid and its derivatives. An interesting feature of the process converting GVLextracted lignin is that all monomers are recovered in the heptane phase, indicating that these compounds could readily be used as fuel additives due to their hydrocarbon solubility. The cycloalkanes produced typically have 9 carbons, which is very similar to the typical size of alkanes found in fuels. Similarly, methyl-esters have also been extensively used as fuels in the context of biodiesel. The methyl esters produced here are produced from C 9 carboxylic acids whereas typical biodiesel mixtures are produced from C 12 to C 22 fatty acids with C 18 often being the major product. 36 However, smaller carboxylates (notably pentanoate esters formed from C 5 carboxylic acids) have been extensively studied by Shell as a fuel source and deemed fully compatible with gasoline and diesel blending during engine tests. 37 Therefore, the alkanes and methyl esters produced here are likely to be compatible as fuel additives. The remaining cyclohexane propionic acid could be more problematic despite its solubility in heptane. However, given the propensity for transesterification processes within biofuel production, it would likely be straightforward to fully convert any remaining carboxylates to methyl esters by adjusting reaction conditions.
Conclusions
The GVL-based hydrolysis process for depolymerization of corn stover allows the separation of an aromatics-rich stream derived from the lignin and cell wall hydroxycinnamates in which these components are essentially unmodified from their original state in the plant cell wall, as revealed by NMR. The solubility of this aromatic fraction allows for more facile hydrodeoxygenation and continuous processing using a supported catalyst, unlike when such processes are applied to whole biomass material. Good yields (up to 48% carbon yields) of heptane-soluble volatile products result from treatment of our GVL-extracted lignin over Ru/C under a hydrogen atmosphere. Although these results are encouraging, future work should focus on developing a process that uses a more sustainable source of acid than phosphoric acid and a catalyst that can easily be regenerated in the event that carbonaceous deposits occur over the active sites. Nevertheless, a significant advantage of this process is that it derives value from a lignin stream that has been easily isolated from whole biomass and its polysaccharides (hemicelluloses and cellulose). In our previous work we showed that cellulose and hemicelluloses can be separately hydrolyzed using the GVL-based process to produce high yields of soluble sugars (Z70%). The results of the present study suggest the possibility of developing an integrated process for upgrading all three biomass fractions. 
